We present population genetic analysis of microsatellite variation in seven Bos indicus cattle breeds from a variety of locations in South Asia. This is the first such study focusing within this area, which is one of the postulated centres of origin of domestic cattle. An estimate of the influence of Bos taurus ancestry was carried out using three approaches: by the systematic selection of population-associated alleles for B. taurus and examination of their frequency; by examining the truncation of genetic distances from European populations; and by a model-based Bayesian admixture analysis. These analyses revealed a B. taurus influence in the Indian subcontinent; part of a gradation which stretches from Europe through the Near East towards Indian and which may be of ancient origin.
Introduction
Genetic and archaeological evidence supports at least two domestications of cattle from different wild progenitor aurochs races. Bos indicus, or zebu, are postulated to have domestic origins in the Baluchistan region, while Bos taurus, also termed taurine cattle, arose in the Near East and possibly North Africa. Genetic studies have estimated the divergence time between ancestral strains at several hundred thousand years MacHugh et al, 1997) .
To re-examine the origins of zebu cattle, we here analyse microsatellite allele frequency data from 20 markers that have been screened in seven breeds with origins in a variety of locations in South Asia. These data represent the first molecular survey of cattle within the region and support earlier findings which suggest that zebu were domesticated from a separate strain of aurochs to that which gave rise to B. taurus (taurine) cattle . The nature of any secondary contact between zebu cattle and other domestic strains is of interest from a historical perspective. It also has important implications for any admixture studies, where Indian cattle are often used as representative of putative parental populations (Loftus et al, 1999; Hanotte et al, 2002) .
Admixed populations
Several studies have been carried out to examine the amount and pattern of admixture in selected human populations (Parra et al, 1998; Wilson and Goldstein, 2000; Pfaff et al, 2001; Collins-Schramm et al, 2002) . A serious obstacle to these studies is the genetic similarity of all human groups and the potential difficulty in finding private or population-specific alleles (McKeigue, 1997; Shriver et al, 1997) . When present, these alleles may be assigned to an individual parental population and this enables the quantification of the amount of introgression from a parental population in a hybrid sample. Moreover, if alleles are neither fixed in the parental population nor absent in the comparison populations, their frequency differential may still enable their use to infer population history. They are thus referred to as ancestryinformative or population-associated alleles (PAAs).
The B. indicus and B. taurus genomes are sufficiently different such that there are many both populationspecific and population-associated microsatellite alleles. The former have been used, after identification by eye, to quantify the amount of zebu introgression into native taurine populations in Africa and the Near East. Mitochondrial DNA and Y-chromosome and other allele frequency-based approaches have been used to support admixture estimation by zebu-specific alleles. In these studies, European and African taurine and Indian zebu cattle have been used as parental populations with which to infer the amount of admixture in hybrid breeds MacHugh et al, 1997; Loftus et al, 1999; Hanotte et al, 2000) . However, the accuracy of these methods depends on the availability and correct selection of parental populations. There is a reasonable hypothesis, given its proximity to the Eastern region of the Fertile Crescent, that B. taurus admixture (possibly very early in origin) may have encroached into India. Without a description of this, there is no objective method with which to choose a parental (or introgressed) B. indicus population without using circular argument.
Here, we supplement new microsatellite data with published data and have devised an unbiased system to select taurine-specific alleles. We have examined the frequencies of these alleles in seven Indian breeds to ascertain the degree, if any, of taurine introgression. We have tested the authenticity of our allele choice and admixture estimates. Additionally, we examined the average genetic distance between each Indian breed and 11 European populations as an alternative indication of B. taurus influence. Finally, Bayesian methods developed by Pritchard et al (2000) were employed to estimate the posterior distributions of individual admixture. This technique, which does not require parental population identification, has been employed in similar studies in wildcats (Beaumont et al, 2001 ) and brown trout (Hansen et al, 2001) , and here illustrates the taurine influence in Indian B. indicus cattle. We have avoided the use of traditional allele-frequency-based admixture measures that require preselection of parental populations, and the inherent bias that they bring to admixture analysis.
Materials and methods
To augment samples collected for other studies Edwards et al, 2000; Ritz et al, 2000) , hair samples were collected from cattle breeds in the South Asia region (Table 1; Figure 1 ) ensuring, when possible, that the animals selected were unrelated and considered typical of the breed. There is a considerable debate about how to classify domestic descendants of a wild species. In this paper, we follow the Linnaean taxonomy with two domesticated species, the taurine cattle B. taurus and the zebu cattle B. indicus, while fully recognising that the two species are fully interfertile and therefore sometimes considered as subspecies by some authors (Hanotte et al, 2002) . Desi is a Hindi name used for nondescript local cattle, but for the purposes of the following analyses these animals will be referred to as a breed. Sampling locations are shown in Figure 1 . The Nellore breed was sampled in Brazil and is derived from Ongole cattle imported from India from 1895 onwards (Felius, 1995) ; data from both have been represented previously (Loftus et al, 1999) . DNA from hair was extracted and samples were screened with 20 microsatellite loci using the procedures outlined elsewhere (Loftus et al, 1999 Allele frequencies for all loci were determined directly by counting. Unbiased estimates of gene diversity (expected heterozygosity) with associated standard errors were computed for all locus/population combinations according to Nei (1987) . The mean number of alleles per locus (MNA) was also calculated as an index of sample diversity. A size-adjusted MNA value was calculated using 1000 iterations of a resampling method.
B. taurus-associated alleles were selected by comparing pooled European breed data with pooled data from all Indian samples. A scaled frequency differential (SFD) was calculated for each allele by the formula where P E is the average frequency of the allele in the 11 European breeds and P I is the average frequency in the seven Indian breeds assayed. The higher of these two values is denoted by the denominator. This SFD measure was combined with other criteria to define three categories of PAAs, each a subset of the previous. Initially, zebu alleles were defined as those that are at higher frequency in the Indian population than in the European population, and taurine alleles are the converse. Category I PAAs include both zebu and taurine alleles that have a frequency of greater than 5% in the respective parental population. Alleles with a frequency lower than this were removed from the analysis. Category II PAAs are the subset of category I, which are taurine alleles, that is, those found at higher frequency within B. taurus populations. Category III PAAs are a more stringent selection of taurine-associated alleles and are those found at a frequency of at least 20% in European populations and an SFD of greater than 40%. The average frequencies of categories II and III PAAs were calculated for each breed and these values were used as measures of B. taurus admixture.
Support for selection of PAAs (i) -The stepwise mutation model
The stepwise model predicts that ancestry informative alleles should cluster in size in an allele length frequency histogram as they are assumed to have evolved from an ancestral allele in one or other species. We therefore consider whether alleles designated as diagnostic of one or other ancestral group showed a tendency to cluster in size.
A total of 10 000 allele frequency distributions were simulated for each locus. Firstly, the number of zebu-and taurine-assigned alleles were taken as in the observed data using the category I criteria. Secondly, the order in which the alleles occurred on the length distribution was randomised. Every locus simulation was scored for allele intermingling as follows: An allele adjacency index (AAI) was calculated for each simulation by adding one when alleles designated to be from a single parental population were adjacent and subtracting one when alleles designated to be from different populations were adjacent. This process was repeated for each of the loci and the total score for every 20 loci simulation was calculated and is plotted as a histogram in Figure 3 . The AAI for the observed data at the 20 loci was calculated and compared to the distribution of simulations. This analysis was repeated excluding any allele that did not have an SFD of at least 40% (data not shown).
Support for selection of PAAs (ii) -taurine alleles in the Near East
Allele frequencies for categories II and III taurine PAAs were calculated in seven Near Eastern cattle breeds using the MICROSATELLITE TOOLKIT (http:/ /oscar.gen.tcd.ie/ Bsdepark/ms-toolkit/index.html) among which a cline of ancestry has been described previously (Loftus et al, 1999) . The frequencies of both of these categories of alleles were averaged to give an estimate of the fraction of taurine ancestry in these breeds. A Spearman rank correlation was carried out where actual rank is the average frequency of taurine alleles and expected rank is based on latitude.
Genetic distance
Nei's standard genetic distance was calculated using MICROSAT (Takezaki and Nei, 1996; Minch et al, 1997) . The distance between each European breed and each Near Eastern and Indian breed was calculated separately and subsequently averaged.
Structure analysis
The structure analysis program (Pritchard et al, 2000) uses allele frequency data to characterise parental populations, assign individuals to these populations, detect admixed individuals and estimate individual admixture. The program uses a model-based clustering method that employs a Markov Chain to estimate the posterior distribution (q) of each individual's admixture co-efficient. The mean of this distribution has been denoted q and represents an estimate of the amount of an individual's genome that is derived from one of the inferred parental populations. No prior information was used to characterise the parental populations or to assign individuals to those populations. We chose to infer two parental populations following the guidelines recommended by Pritchard et al (2000) . A burn-in of 50 000 repetitions and a run length of 1 000 000 were used.
Results

Diversity measures
Diversity indices for the samples examined in this study are given in Table 1 . Within the South Asian breeds, neither gene diversity nor MNA showed a discernible geographical pattern. Gene diversity varied from 0.61 (Sahiwal) to 0.72 (Desi). In the five samples of comparable size, MNA values are lower in the two breeds of southern provenance, Ongole and Nellore than in Desi, Tharparkar, and Red Sindhi. These measures may reflect differences in historical population size but may also be a result of higher levels of taurine admixture in the more northern samples (see below).
Selection of PAAs
PAAs have been used in many studies to infer admixture proportion. It is a method that is especially useful when there are large allele frequency differences between the two parental populations. B. indicus and B. taurus cattle are sufficiently divergent such that there are many loci that show substantial allele frequency differences between the two species. These alleles have been used in previous admixture studies and produced results that have been supported by mitochondrial DNA and Ychromosome studies. However, the accuracy of such analysis is dependent on correct assignment of the parental populations.
Here, we have selected alleles that are likely to be ancestry informative by picking alleles that show a high frequency differential between a pooled population of European taurine cattle (n ¼ 383) and the pooled data from each Indian sample (n ¼ 178). A pooled Indian sample was used to avoid designating one of the Indian breeds as a putative parental population. Figure 2 shows histograms of SFDs. These have been calculated for the Taurine alleles are those that have a greater frequency in European breeds than Indian breeds. The category I histogram demonstrates a predominance of alleles that have a high frequency differential between the two species. The alleles in the category III histogram that occur at 20% or more in the European population and have an SFD value greater than 40% are likely to be ancestry informative and have been utilised in the following analyses (Figure 2 ). An SFD value of 40% excludes few taurine alleles and similar levels of frequency differential have been found to be useful in other studies (McKeigue, 1998; Parra et al, 2001) .
Support for PAA selection (i)
The stepwise model predicts that microsatellite alleles will mutate in discrete increments of repeat size (Shriver et al, 1993) . If we have selected biologically meaningful PAAs, we would expect alleles that are diagnostic of one lineage to cluster in size. We wanted to ascertain whether this was the case for the loci in the present study as it acts as an independent control for our allele selection method. Therefore, 10 000 sets of 20 loci were simulated with allele order on the allele length axis randomised and given an adjacency score. This AAI is a measure of how often alleles from the same parental population were found to be adjacent. The AAI null distribution and the score for the actual data are shown in Figure 3 . This score is higher than 95% of the simulated scores indicating that the alleles from one lineage are significantly less mixed than would be expected by chance (P ¼ 0.0371). A more stringent allele designation method where alleles are required to have an SFD of at least 40% produces a highly significant result (P ¼ 0.0045). This indicates that ancestry-informative alleles from one species have a significant nonrandom tendency towards similarity in size and thus supports common ancestral origins for selected taurine markers.
Confirmation of PAA selection (ii)
To further test our selection method, the average frequencies of categories II and III taurine PAAs in Near Eastern cattle populations were calculated. These populations were not used in the allele selection process and have been previously analysed by Loftus et al (1999) . The average taurine allele frequency for each breed was compared to breed longitude using a Spearman rank correlation. The P-value for this test is less than 0.001, supporting a decline in taurine influence (or increase in zebu influence) from west to east through the Near East region, as would be predicted from geography and prior analysis (Loftus et al, 1999) . The SFD is a function of the allele frequency differential between the European sample and the entire Indian sample (see Materials and methods section). The first histogram (I) shows all alleles that occur at a frequency of at least 5% in either population. Many alleles in this group have an SFD of 1 as they are unique to one population. Taurine alleles are shown in the second and third histograms. These occur at a higher frequency in Europe than India and can be used to detect taurine admixture into Indian zebu cattle breeds. Each category is a subset of the previous one. Figure 3 Histogram of allele adjacency index (AAI) for 20 simulated microsatellite loci. A total of 10 000 sets of 20 loci were simulated in which the number of taurine and zebu alleles in each locus was held equal to the observed data but where the order in which they occur in the allele length distribution was randomised. The number of zebu and taurine alleles at the 20 simulated loci was determined by designating the alleles at the 20 study loci as either zebu or taurine using the category I allele criteria. An AAI was calculated for each simulation and these scores were plotted as a histogram which is unimodal. The score for the real data is shown by an arrow.
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Admixture is known to truncate genetic distance. Hence, the average of Nei's standard genetic distance from the seven European breeds was taken for each Near Eastern population and plotted against PAAs frequency. The results for the two taurine PAAs categories are shown in Figure 4a . There is a negative correlation between the amount of taurine influence and the genetic distance from Europe (r 2 (adj) ¼ 0.69, Po0.01 for category III PAAs).
Application of PAAs to India
We calculated the average frequencies of our two categories of taurine PAAs in seven Indian cattle breeds. The southern-most Ongole breed has the lowest average frequency of both classes of taurine alleles. The average taurine allele frequency for each breed was used in a Spearman rank correlation using geographical latitude as the ranking parameter. This test does not support any simple cline throughout the data. The average of Nei's standard genetic distance from the seven European breeds was plotted against the average taurine allele frequency of categories II and III alleles (Figure 4b ). From both these data treatments, the Ongole breed appears to be the least introgressed of the Indian breeds.
STRUCTURE analysis
The STRUCTURE-integrated Bayesian approach both infers parental population allele frequencies and estimates the mean of the posterior distribution of each individual's admixture coefficient (q ) (Pritchard et al, 2000) . We chose to assume two parental populations for the admixture analysis. This supposition is supported by the inferred allele frequencies for the two parental populations, between which the average SFD is 0.7. The posterior distributions of admixture proportions for all individuals are not uniform and some have very narrow distributions that do not span either 0 or 1. Clearly, one of the two inferred populations is characterised by European B. taurus individuals and the other by Indian B. indicus cattle. These have q values between 0.9 and 1.0 (taurine), and 0.0 and 0.1 (zebu). Beaumont et al (2001) used these values of q to differentiate between parental (q ¼ 0-0.1 and 0.9-1.0) and hybrid populations (q ¼ 0.1-0.9). We can argue that this output reflects the ancestral divergence between B. taurus and B. indicus 
Discussion
Patterns of genetic variability in the breeds surveyed An older source population will typically display greater genetic diversity than a population derived more recently from it (Jorde et al, 1998) . However, within the South Asian breeds, neither gene diversity (heterozygosity) nor MNA showed a discernible geographical pattern that could point to a likely region of origin (Table 1 ). In the five samples of comparable size, MNA values are lower in the two breeds of southern provenance, Ongole and Nellore than in Desi, Tharparkar, and Red Sindhi.
Introgression of B. taurus
Microsatellite allele size, as well as frequency, is a source of information about ancestral relationship. One feature of this property in cattle is that with a proportion of markers it seems that B. indicus and B. taurus populations display separate allele length distributions. Some of us have argued previously that through identification of allele classes, which were close to fixation in pure zebu, and absent or near-absent in breeds without their ancestral influence, the existence of geographical clines stretching from Europe to India can be shown (MacHugh et al, 1997; Loftus et al, 1999) . Here, we take a symmetrical approach and estimate sets of alleles in loci that comprise the ancestral B. taurus distribution.
A potential obstacle to this approach is selection of the parental population. The selection of private alleles could Scatter plots of average of Nei's standard genetic distance from Europe vs the average frequency of categories II and III taurine alleles. Nei's genetic distance was calculated between each of the seven (a) Near Eastern and (b) Indian breeds and each European breed. The distance to European Bos taurus was averaged for each of the Near Eastern and Indian breeds. This value was plotted against the average frequency of categories II and III alleles. The circles represent the category II alleles and the squares the category III alleles. The category II allele criteria require alleles to occur at a minimum frequency of 5% in Europe, while the category III alleles require a European frequency of 20%. The first plot shows a cline of taurine influence from west to east in the Near Eastern cattle breeds. The regression for this plot is significant (Po0.01). The second plot shows the Indian breeds. The regression for this line is not significant but it is clear that Ongole has the lowest frequency of categories II and III taurine alleles.
Admixture analysis of South Asian cattle P Kumar et al be biased by the incorrect assignment of parental or hybrid status. The difficulties in estimating population and especially individual admixture when gene frequencies in the parental population before the admixture event are unknown have been discussed previously (Bertorelle and Excoffier, 1998; Estoup et al, 1999) . Incorrect assignment of parental populations may lead to an overestimation of levels of admixture. In many cases, either temporal or spatial phenomena will mean that it is impossible to sample from the original parental populations that contributed to the admixture event. The issue of selecting ancestry-informative alleles is further confounded by the fact that some parental populations may have overlapping allele frequency distributions and there may be very limited numbers of private alleles that are found in only one or the other contributing population. In cases such as this, researchers are forced to select a reasonable frequency differential to characterise PAAs (Parra et al, 1998; Pfaff et al, 2001 ).
In the current study, we used three alternative methods to overcome these difficulties. An SFD between large pooled breed groups of alternately B. taurus and B. indicus cattle was used to assign alleles conservatively to parental populations. An examination of these illustrates relative influences of parental populations in hybrid populations. We also calculate the genetic distance of each of the seven Indian breeds from all European breeds using Nei's method. Finally, the STRUCTURE program, which does not require parental populations to be prespecified and which uses a Bayesian approach to define parental populations and to assess individuals, was employed.
The discriminating power of PAAs is implied when all alleles with a frequency greater than 5% are examined and show a high proportion of either taurine-or zebuassociated alleles (Figure 2, Category 1) . Also, alleles at any locus that are associated with one subspecies are more likely to be similar in repeat number; implying a genealogical relationship that supports their utility as indicators of ancestry (Figure 3) .
The average frequencies of categories II and III alleles were calculated for seven Near Eastern breeds and plotted against Nei's standard genetic distance from Europe. There is a significant correlation between the two measures and a Spearman rank correlation using longitude as a ranking variable supports a gradation of average taurine allele frequency from west to east with a P-value of less than 0.001. This supports previous findings about the relationship between these breeds and is a reflection of the former herding of B. indicus alongside B. taurus in places such as Mesopotamia and Iran (Loftus et al, 1999) . As these populations were not used in the initial allele designation, this pattern provides an independent test for whether the alleles are ancestry informative.
When we examined the frequency of these alleles in Indian breeds, B. taurus alleles were found in each population surveyed. While it is difficult to differentiate between the amounts of taurine influence in the Indian breeds, the PAA analysis suggests that the southern Ongole breed may have experienced the least taurine influence (Figure 4b) .
The STRUCTURE program confirms the presence of B. taurus influence in the Indian subcontinent. The algorithm presumes that the original ancestral parental populations were in Hardy-Weinberg equilibrium, with the markers used in complete linkage equilibrium, and that the two parental populations contributed alleles to the hybrid population as independent draws. This model fairly accurately represents the original domesticated cattle populations of the India and the Near East, as it seems likely that they were separated for millennia prior to any contact. STRUCTURE has the important advantage of modelling the ancestral parental population allele frequency distributions without a priori selection of these populations. It also allows admixed individuals to be included in the process of characterising these ancestral distributions. This approach also selects the Ongole as having the lowest likelihood of taurine influence ( Figure 5 ). There is also a highly significant regression between the mean value of q for Indian breeds and their average genetic distance from Europe (Po0.0001, r 2 (adj) ¼ 0.898). Therefore, the data indicate some ancestral influence from taurine cattle, probably of Near Eastern origin. This is also suggested by the fact that highest values of individual admixture are in the Red Sindhi breed, which is geographically closest to the Near East.
The majority of Near Eastern individuals have posterior distributions with means between 0.1 and 0.9; a result of their documented hybrid status (Loftus et al, 1999) . Both Beaumont et al (2001) and Hansen et al (2001) found that most hybrids with intermediate values of q had 90% posterior intervals (PI) that ranged from 0.0 to 1, making it difficult to reliably identify admixed individuals. By contrast, q here is between 0.1 and 0.9 for 33.6% of the sample in the present study and of these hybrid individuals 67% have 90% PI that are between 0.1 and 0.9. As the two previously mentioned studies used only nine microsatellite loci and we have included 20 in the current study, the suggestion that an increased number of markers will enhance resolution (Hansen et al, 2001 ) is supported by our results.
The extent of taurine influence in some of the Indian samples is somewhat surprising given the distinctly zebu morphology of all of the breeds surveyed. However, this is part of a broad geographic pattern of introgression with a cline in admixture stretching through the fringes of Europe, Anatolia, and the Middle East towards India. The presence of taurine alleles in India may be explained by either an ancient or more recent introduction of B. taurus into the Indian subcontinent. It is worth noting that there may have been attempts to improve some modern Indian cattle by very recent importation of B. taurus individuals (Felius, 1995) . However, in the current study, the unimproved, nondescript Desi cattle act as a control for this possible recent influence.
Locally domesticated zebu cattle were a prominent component of the Harappan civilisation of the Indus valley in the third millennium BC, as indicated by faunal and artistic evidence (Zeuner, 1963; Allchin, 1969; Meadow, 1996) . By this period, however, some humpless taurine cattle were also present, as they are depicted on some Harappan stamp seals. In addition, evidence, both from ancient art as well as some bone assemblages, indicates that zebu were present in Sistan, Iran, and further west in Mesopotamia and even Kamid el-Loz in Lebanon during the Bronze Age, that is, 3000-1000 BC (Clason, 1978; Meadow, 1987; Bökö yni, 1990 Bökö yni, , 1997 . This evidence for the spread of zebu westwards to the Near East and the spread of taurine cattle eastwards to the Indus valley supports that the introgression between taurine and zebu cattle indicated by the genetic data could have began by the third millennium BC and has continued in varying degrees ever since. Archaeological evidence for long-distance trade indicates that there has been continuous contact between the Indus region and Mesopotamia since the fourth millennium BC (Allchin and Allchin, 1982; Lamberg-Karlovsky, 1989; Chakrabarti, 1990) .
It was also through this same region (Baluchistan) that a series of folk movements of peoples from the northwestern periphery of South Asia are postulated to have occurred during the course of and after the Harappan civilisation (Allchin and Allchin, 1982) . The scale of these migrations, and whether or not they are to be connected with the diffusion of Indo-European languages as traditionally assumed (Parpola, 1994) , remains highly controversial (Shaffer, 1984; Renfrew, 1987; Chakrabarti, 1997) . Nevertheless, such human movements, presumably of agropastoral groups, would have contributed to the further introgression of taurine genes into zebu populations.
At this period, or perhaps in preceding millennia, flax and a number of pulses, including peas, lentils, grasspea, and chickpea, spread from west to east. During the third millennium some subsistence species spread westwards, including sesame (Charles, 1993) , the chicken (Bö kö yni, 1990) , and water buffaloes (Zeuner, 1963) . Therefore, the dispersal of B. taurus cattle into South Asia, and the counterflow of some B. indicus into Mesopotamia and the Levant can be seen as part of a larger pattern of the prehistoric transfer of subsistence species between these two primary centres of agricultural innovation (Fuller, 2001) .
